Introduction During bowel surgery, perioperative blood loss and hypotension can lead to transient intestinal ischemia. Recent preclinical studies reveal that the strength of intestinal anastomoses can be compromised after reperfusion. So far, this phenomenon has not been investigated in the very first days of healing when wound strength is lowest. Material and Method Ischemia was induced in rats by clamping both the superior mesenteric artery and ileal branches for 30 min. Immediately after declamping, anastomoses were constructed in both terminal ileum and descending colon. The same was done in control groups after sham-ischemia. Anastomotic bursting pressure and breaking strength were measured immediately after operation (day 0) and after 1, 2, or 3 days. Anastomotic hydroxyproline content, gelatinase activity, and histology were analyzed. Results and Discussion In ileal anastomoses, at day 1, both the breaking strength and bursting pressure were significantly (p<0.05) lower in the ischemic group, while at day 2, this was the case for the bursting pressure only. In the colon, the bursting pressure in the ischemic group was lower at day 1. Anastomotic hydroxyproline content remained unchanged. Increased presence of the various gelatinase activities was found in ileum only at day 0 and in colon at days 1 and 2. Histological mucosal damage was found in ischemia-reperfusion groups. Conclusion Transient mesenteric ischemia can negatively affect anastomotic strength during the very first days of healing, even if the tissue used for anastomotic construction looks vital.
Introduction
Anastomotic dehiscence remains a feared complication in gastrointestinal surgery, and diminishing its frequency, if not preventing it completely, constitutes a formidable challenge. A multitude of local factors and systemic conditions have been causally related to its occurrence, 1 and research into the underlying mechanisms is mandatory in order to provide a sound basis for optimal clinical treatment of the patients needing resection and anastomosis of the intestine.
Uninterrupted wound healing requires oxygen. Essential features of the repair sequence depend on adequate woundtissue oxygenation. 2 In fact, impaired perfusion of the splanchnic system most likely is a substantial factor in an number of conditions that are believed to increase the risk for anastomotic dehiscence. Anastomotic leak related to ischemia is a source of significant morbidity and mortality in gastrointestinal surgery. 3 Experimental data unequivocally show persisting ischemia to impair the development of anastomotic strength. insult. 6 Recent preclinical studies have established that the strength of intestinal anastomoses can be compromised if reperfusion after a transient period of ischemia precedes intestinal resection and anastomosis. This effect occurs both in the locally affected area 7, 8 but also if the anastomosis is constructed at a distance. 9, 10 So far, this phenomenon has been investigated from 3 days after operation onwards, and experiments aimed at preventing this negative effect are mostly conducted at a single time point, often after 6 or 7 days. In a preceding comprehensive study, we have demonstrated a profound negative effect of transient mesenteric ischemia on the development of anastomotic strength from 3 days after operation onwards.
11 As yet, no data are available on the very first inflammatory phase of anastomotic healing, where wound strength is at its lowest and presumably the risk of dehiscence at its highest. This study describes the effects of ischemia-reperfusion (IR) on anastomotic strength during the early postoperative period, from immediately after construction to the third day. In this phase, wound strength depends on the suture-anchoring capacity of the existing extracellular matrix. The quality of the matrix can be affected by the presence of proteolytic enzymes, the matrix metalloproteinases (MMPs), which are essential to the repair sequence. 12 Since both MMP-2 and, especially, MMP-9 are upregulated during intestinal healing 13, 14 and are believed to contribute to reperfusion injury in the gut, 15, 16 their activity in anastomotic tissue has also been examined.
Material and Methods

Animals
Male Wistar rats (n=112; mean weight, 280 g; Harlan BV, Horst, The Netherlands) were allowed to become accustomed to laboratory conditions for 1 week before experimental use. They were housed two per cage under specified pathogen-free conditions with free access to water and standard rodent food (Hope Farms, Woerden, The Netherlands). The study was approved by the Animal Ethics Review Committee of the Radboud University Nijmegen.
Study Design
In experimental groups (IR, n=56, four subgroups of 14 each), animals were subject to ischemia (see below) before anastomotic construction. In control groups (C, n=56, four subgroups of 14 each), anastomosis was performed without previous ischemia. Animals were killed either immediately after anastomotic construction (day 0) or at the first, second, or third postoperative day. From each subgroup, three animals were used for histological analysis, and 11 animals were used for measuring anastomotic strength and biochemical parameters.
Operative Procedures
All rats were anesthetized by using isoflurane (Abbott Laboratories, Queensborough, UK) in a mixture of oxygen and nitrous oxide. Procedures were performed under semisterile conditions, using an operation microscope (Carl Zeiss, Oberkochen, Germany).
In the experimental (IR) groups, the superior mesenteric artery (SMA) was dissected free and occluded just distal to its origin with a microvascular clamp (S & T, Neuhausen am Rheinfall, Switzerland). Additionally, collateral circulation was interrupted by clamping ileal branches in the mesentery. Ischemia lasted 30 min. In the control (C) groups, the SMA and ileal branches were dissected free but not occluded. After releasing the clamps, a 2-cm resection was performed at the distal ileum, 15 cm proximal to the cecum. Continuity was restored by constructing an end-toend anastomosis with eight single-layer, inverting, interrupted 8-0 Ethilon® (Ethicon, Norderstedt, Germany) sutures. The same procedure was carried out in the descending colon, 3 cm proximal to the peritoneal reflection. This way, anastomoses were constructed in the experimental groups in parts of the bowel that had been ischemic (ileum) or had experienced normal perfusion (descending colon). The abdomen was closed, using a continuous 3-0 Vicryl® (Ethicon, Norderstadt, Germany) suture for the musculofascial layer and staples for the skin. During operations, body temperature was kept at 38°C using a heating pad. Temperature, heart rate, and peripheral oxygen saturation were monitored. The intestines were covered with gauze pads soaked with 0.9% NaCl to minimize desiccation. To compensate for fluid loss, 10 ml of 0.9% NaCl was administered subcutaneously during the operation. Postoperative analgesia was performed with buprenorphine, 0.02 mg/kg subcutaneously, twice daily for 2 days. Animals were weighed daily and observed for signs of illness.
All operative procedures were performed by the same investigator (LAEP).
Anastomotic Strength
Animals were anesthetized and killed by intracardiac puncture. A relaparotomy was performed, and the peritoneal cavity was explored for the presence of adhesions or dehiscence. Segments of approximately 4 cm in length containing the anastomosis in the middle were carefully resected, including surrounding tissues and adhesions. In order to measure bursting pressure, the segments were infused (2 ml/min) with normal saline containing methylene blue. The maximum pressure (mmHg) recorded immediately before sudden loss of pressure was taken as the bursting pressure. The area under the curve was considered to represent the bursting energy. The site of rupture (within or outside the anastomotic line) was also noted. Subsequently, the segments were placed in a tensiometer, and the breaking strength (in gram) was measured. This procedure, which analyses both parameters for wound strength within the same anastomotic segment, has been validated before. 17 Then the anastomotic segments were cleaned from adhering tissue and debris. A 5-mm sample containing the anastomosis in the middle was frozen in liquid nitrogen and stored at −80°C until further processing.
Biochemical Analysis
After lyophilization, tissue samples were weighed, pulverized, and lyophilized again. The hydroxyproline content, as a measure of the collagen content, was measured by high-performance liquid chromatography after hydrolysis with 6 N hydrochloric acid and derivatization with dabsyl chloride. Both hydroxyproline concentration (μg/mg tissue) and hydroxyproline content (μg/5 mm tissue) were quantitated.
Preparation of tissue extracts and procedures for quantitative gelatin zymography have been described extensively before. 18 The various gelatinase activities, representing MMP-2 and MMP-9, were quantitated on the basis of lyzed area and expressed as arbitrary units. Collagenase type 1 (from Clostridium histolyticum, Sigma Chemical, St Louis, MO, USA) was electrophoresed on each gel as an internal standard for in-between comparison of values obtained on different gels. The presence of true MMP activity was confirmed by adding 10 mM ethylenediaminetetraacetic acid or 1,10 phenanthroline to the buffers used after electrophoresis.
Histology
Intestinal samples of approximately 1-cm length containing the anastomosis in the middle were carefully resected en bloc, opened at the mesenteric side, and washed gently in 0.9% NaCl. They were spread out and immobilized, and the samples were immediately fixed in 4% (v/v) phosphatebuffered formaldehyde, pH 7.3. Each anastomosis was divided into two or three longitudinal strips. Specimens were dehydrated and embedded in paraffin. Sections of 4 μm in thickness were stained with hematoxylin and eosin. Sections were analyzed in a blinded fashion using a binocular light microscope. Histological parameters such as epithelial damage, necrosis, and presence of neutrophils were assessed.
Statistics
Differences over time within either C or IR groups were tested for significance using an analysis of variance (ANOVA) and, if indicated, a Tukey-Kramer post test. Differences between C and IR groups were analyzed using a one-(strength) or two-tailed (MMPs) unpaired t test. Use, by exception, of any other test is mentioned in the text. Differences with p value <0.05 were considered significant.
Results
General
SMA occlusion and interruption of the collateral circulation resulted in diminished pulsations in the mesentery and pale coloring of the ileum and ascending colon. These phenomena were reversed after circulation was restored by releasing the clamps. Heart rate, temperature, and peripheral oxygen saturation remained constant during the procedure.
No premature deaths occurred in the control group and four (7%, ns) in the IR group, all during the first 24 h after operation. Except for one animal that showed signs of generalized peritonitis, no obvious cause of death could be established.
All animals lost weight after operation. At day 3, the average relative weight, as a percentage of preoperative weight, was 92.5% (SD, 2.6) in the control group and 89.5% (2.9) in the IR group (p=0.059). At necropsy, no overt signs of complications were found in any of the 56 control animals. In the 52 animals from the IR groups that completed the experiment, signs of ileus and intra-abdominal abscesses were each seen in four (different) animals. Furthermore, obvious signs of anastomotic dehiscence were observed in another four animals (8%, p=0.050).
Anastomotic Strength
During measurements of anastomotic strength, the site of tissue disruption was always within the suture line. In the ileum, anastomotic strength diminishes immediately after construction (Fig. 1) . Analyzing the four control groups together, this effect was significant for the bursting pressure (ANOVA, p=0.0095) and breaking strength (p<0.0001) but not for the breaking energy (p=0.0609). Within the IR groups, all parameters showed extreme significance (p<0.0001). The relative loss of strength between day 0 and 1 was invariably greater in the IR groups: The average bursting pressure was reduced by 38% in the controls and by 71% in the IR group. The same was true for the bursting energy, 36% vs 62%, and the breaking strength, 47% vs 80%. As a result, anastomotic strength in the IR group was significantly (p<0.05) lower than in the control group 24 h after surgery. With regard to the bursting pressure, this negative effect persisted another 24 h (day 2). Although the mean breaking strength at day 3 was 30% lower in the IR group, this difference failed to reach significance (p=0.12).
The loss of wound strength over time, observed in the ileum, did not occur in the colon (Fig. 2) . Still, a degree of reperfusion injury was also observed at this remote site since the bursting pressure in colonic anastomoses was significantly lower in the IR group than the controls at day 1 after operation. No differences were found for the breaking strength (not shown).
Biochemistry and Histology
Hydroxyproline levels, expressed as both the hydroxyproline concentration (μg/mg dry tissue) and content (μg/5-mm tissue), were analyzed as a measure for collagen content in the anastomosis. In the ileal anastomoses, no significant (ANOVA) changes with time were found in either control or IR groups (Table 1 ). In addition, no differences were observed at any time point between control and IR groups. The same was true for colonic anastomoses (data not shown).
Quantitative gelatin zymography allows the separate analysis of the various forms of the gelatinases present in tissue extracts (Fig. 3 a, b) . The active and latent forms of both MMP-2 and MMP-9 were measured, and their total activity within the (5 mm) anastomotic segment was calculated. In the ileal anastomoses, both forms of the MMPs exhibited significant (p<0.05, Kruskal-Wallis) changes over time (Fig. 4) . In the controls, both active and proMMP-9 were highest at day 1. This pattern was changed in the IR groups. Immediately after construction, both active and proMMP-9 activities were significantly higher in the IR group than in the controls. The same was true for proMMP-9 at day 3, but here, active MMP-9 was lowest in the IR group. MMP-2 activities were lowest at day 0, where the active form was increased in the IR group. Subsequently, both MMP-2 forms were higher, and a significant difference between control and IR groups was only observed for proMMP-2 at day 2. The MMP activities in colonic anastomoses are depicted in Fig. 5 . For MMP-9, hardly any difference was found between control and experimental groups. Interestingly, both latent and active MMP-2 activities were significantly higher in the IR groups at days 1 and 2, while at day 3, the opposite trend was observed.
Histological analysis immediately after anastomotic construction, at day 0, revealed mucosal damage in the IR groups, with elevation of the epithelial layer from the lamina propria and denuding and loss of height of the villi. These effects of ischemia and reperfusion gradually subsided during the first 24 h. Except for these differences, microscopic architecture of the anastomoses appeared to be similar in control and IR groups.
Discussion
If an anastomosis is constructed in an intestinal segment, immediately after tissue perfusion has been restored following a period of intestinal ischemia, wound strength is compromised during the very first days after operation. The data reported now are the first on such an effect being present in the early period of anastomotic healing. Together with those from our prior study, 11 they demonstrate that IR-related injury results in loss of wound strength over the entire first postoperative week, thus affecting both the inflammatory and proliferation phases of the healing process.
Clamping and declamping of the SMA, together with its ileal branches in the mesentery, is an established method to interrupt mesenterial blood flow to the ileum and the ascending colon. 19 Although it induces deep ischemia, this procedure, even if followed by anastomotic construction, shows a 93% survival rate (in the IR group) and thus provides a good model to study effects of reperfusion injury on wound repair.
The primary outcome parameter for anastomotic healing is wound strength, which can be measured as both bursting pressure and breaking strength, even in the same animal. 17 If the tissue ruptures within the true anastomotic line, as is the case within the time period under investigation here, the former represents the ability of the wound to withstand intraluminal pressure and the latter its ability to resist forces applied longitudinally. Both type of forces are presumably at work during intestinal movement, and therefore, both parameters are very relevant, although they may behave independently. 20 Any reduction in either of the two may be taken as a sign of impaired healing. Thus, IR has a significant negative effect on anastomotic strength: if the anastomosis is constructed in ileal tissue, which actually has suffered an ischemic event, wound strength is compromised at 24 and 48 h after operation. If the anastomosis is constructed at a distance, in the descending colon, systemic effects of reperfusion result in a lower wound strength after 24 h. As a consequence, the risk of anastomotic failure is enhanced: Signs of dehiscence are repeatedly observed in the IR group and not in the controls.
If the results from the present and preceding 11 studies, covering the entire first postoperative week, are taken together, they demonstrate that mesenteric IR consistently lowers anastomotic strength from the first postoperative day onwards. The first days of healing are characterized by the inflammatory phase: From approximately 3 days after operation onwards, the proliferative phase becomes increasingly important. 1 Presumably, wound strength in the first few days depends on the existing extracellular matrix and only later on the newly deposited collagen. Thus, it could very well be that the mechanism causing loss of strength at day 2 is entirely different to the one causing the same phenomenon at day 7. Such a difference seems not unlikely because of the fact that, during the early days, the bursting pressure is clearly affected, while this is less so if anastomoses are examined from day 3 onwards.
11 Very recently, a number of studies have reported treatments to prevent loss of anastomotic strength after reperfusion injury, almost invariably analyzed at least 6 days after operation. 2, 5, 10, 21, 22 The current results emphasize the need to also investigate the first period of healing, since different pathways may be responsible for delayed repair. Furthermore, investigators should be well advised to measure the parameter for anastomotic strength, which is most sensitive to reperfusion injury.
By anchoring the sutures, the extracellular matrix determines wound strength in the period investigated in this study, well before any deposition of newly formed collagen occurs within the wound area. 23 The hydroxyproline measurements, admittedly a relatively insensitive way to estimate the anastomotic collagen content, are not suggestive for increased matrix degradation in the IR groups. Still, local action of MMPs could result in focused and limited degradation, 24 for instance in areas next to sutures, thereby weakening the wound. Still, our data on MMP-2 and MMP-9 do not yield a consistent picture of upregulation after IR. Immediately after anastomotic construction (day 0) in the ileum, MMP-9 and active MMP-2 activities are greater in the IR groups, which is consistent with earlier findings in the rat intestine after a 90-min reperfusion. 25 However, this effect does not persist, and at later time points, active MMP-9 is even reduced in the IR groups. Remarkably, in the colonic anastomoses, MMP-2 activities after IR are enhanced at days 1 and 2 but reduced at day 3. It remains to be determined if a relatively short period of enhanced proteolytic activity can induce enough local damage of the extracellular matrix to result in a lasting period of reduced wound strength. Any definite proof of a causal role of MMPs in lowering wound strength can only come from studies using specific inhibitors.
Mesenteric ischemia is a common event in surgery. During bowel surgery, intraoperative blood loss or cardiopulmonary events may cause hypoperfusion and relative intestinal ischemia, which can lead to impaired healing. 26 In fact, IR injury of the intestine is a significant problem in a multitude of situations, such as abdominal aortic aneurysm surgery, small bowel transplantation, cardiopulmonary bypass, strangulated hernias, and neonatal necrotizing enterocolitis. It can also occur in septic and hypovolemic shock. 27 The present data have been obtained in an animal model. As always, it remains to be proven that they are relevant to the clinical situation also. Still, together with the existing literature, they show what the implications could be of deep but transient intestinal ischemia. Even when seemingly vital tissue is used for anastomotic construction, local healing may be compromised from the very first day onwards, ultimately leading to dehiscence. Bearing this in mind, it is apparent that studies aimed at establishing actual mechanisms and finding preventive measures are needed.
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